Abstract--The sorption of anisole and some related aromatic ethers on the interlamellar surfaces of Cu(II) hectorite has been investigated by i.r. and e.s.r, spectroscopy. In addition to physical adsorption, anisole forms two distinct types of Cu(II) complexes which are analogous to the type 1 and II species previously reported for benzene-Cu(II) smectite systems. These complexes can be transformed to type I and II complexes of 4,4'-dimethoxybiphenyl. Possible mechanisms are proposed for the oxidation process. Butyl phenyl ether formed a type II complex with Cu(II)-hectorite, but no dimerization reaction was noted in this system. Phenyl ether and benzyl methyl ether form a type I ~r complex with Cu(II)-hectorite. No type II analog was noted. E.S.R. spectra of each of the type II ether-Cu(II)-hectorite systems showed a sing/e, narrow band with g near the value expected for a "free spinning" electron. The type I phenyl ether and benzyl methyl ether complexes also exhibited this e.s.r, band. Ag(I) hectorite adsorbs anisole by forming exclusively a type I complex. Na(I) and Co(II) hectorite adsorb anisole by physical means only, indicating association with the silicate surface.
INTRODUCTION
SEVERAL recent studies have shown that a variety of aromatic molecules are chemisorbed on the interlamellar surfaces of copper(II) exchange forms of smectite minerals via complex formation with the metal ion. Doner and Mortland (1969) and Mortland and Pinnavaia (1971) found that two distinct types of complexes are formed with benzene: a type I species in which the copper(II) ion is edge bonded to the benzene and aromaticity is retained, and a type II species in which the benzene ring is believed to be distorted with some localization of the C=C bonds. Phenol and alkyl substituted benzenes (Fenn and Mortland, 1972; Pinnavaia and Mortland, 1971) can also complex with Cu(II) via donation of ~r electrons, although only type I analogs are observed. More recently, Rupert (1973) has shown that type II complex formation is not unique to benzene, hut that analogous species can be formed with aromatic molecules containing two or more benzene rings.
Silver(I) ions will coordinate to aromatic molecules on the interlamellar surfaces of clay minerals (Clementz and Mortland, 1972) but in all of the Ag(I)--arene systems investigated only type I complexes were observed. *Journal Article No. 6268, Michigan Agricultural Experiment Station, Michigan State University, East Lansing, Michigan, 48823.
The present paper reports some spectroscopic studies of the chemisorption of anisole on Cu(II) hectorite. In addition to the formation of type I and type II complexes an interesting redox reaction occurs in this system. The behavior of related aromatic ether-metal ion systems is also reported.
MATERLALS AND METHODS

Homoionic hectorite preparation
The hectorite (B1-26), one of the smectite (montmorillonitic) type of clay minerals, used in this study was obtained from the Baroid Division of NL Industries, Inc. The unit cell formula is Mff.42[Mgs.42Li0.rsA10 .02](Sis00)O20(F, OH)4. Homoionic samples of the <2/zm fraction were prepared by washing the clay mineral three times with a 1 N chloride salt solution of the desired cation and then removing the excess salt by dialysis until the AgNO~ test for C1-was negative. Ag(I)-hectorite was prepared as above from a 1 N nitrate salt solution. Thin, self-supporting films of the homoionic mineral were then formed by depositing a few milliliters of suspension on a polyethylene sheet, allowing it to air dry, and then carefully peeling~ away the clay film. Films prepared in this manner are highly oriented, with the silicate sheets lying parallel to the film surface.
Clay-organic complexation
The homoionic clays were allowed to adsorb the 315 anisole or other aromatic ether by placing the clay film in a desiccator containing P2Os and a few g of the ether. At least 24 hr of equilibration time were allowed before any determinations were made on the film.
I.R. Spectra
I.R. spectra in the region 4000-600 cm -1 were obtained on a Beckman I.R.-7 spectrophotometer. After exposure to the aromatic ether, the clay film was mounted in a special brass cell fitted with a heating element, vacuum stopcock and NaCI windows to exclude atmospheric moisture while the spectra were being obtained.
The highly ordered nature of the clay film allows one to investigate pleochroic effects by observing absorption intensities of certain bands when the clay film is positioned at 45 and 90 ~ with respect to the infrared beam. By this technique it is possible to determine the orientation of the adsorbed species relative to the clay mineral layers.
E.S.R. Spectra
E.S.R.-band spectra were obtained with a Varian not allowed to age for more than a few minutes at room temperature. Prolonged aging results in the formation of a tan type I 4,4'-dimethoxybiphenyl complex and, eventually, a green type II 4,4'-dimethoxybiphenyl complex. The rate at which the tan species is transformed to the green complex is dependent on the concentration of adsorbed water. In the presence of liquid water the tan complex is stable indefinitely, whereas at lower relative humidities it transforms to the green complex within a few hours. The dependence on water concentration is attributed to a surface acidity effect. It is known that the acidity of a clay surface is greatest at low water concentrations due to extensive hydrolysis of the exchangeable metal ion. At high water concentrations the extent of hydrolysis is greatly reduced. The importance of surface acidity was confirmed by observing an almost instantaneous transformation of the blue anisole complex to the green 4,4'-dimethoxybiphenyl complex when the former was exposed to HC1 vapors.
The processes occurring in the anisoleCu(II)-hectorite system can be summarized as follows:
Cu ( tan, type I 4,4'-dimethoxy-< tan, type I anisole biphenyl E-4 spectrometer. The spectra of randomly oriented samples of complexes of the homoionic clays were obtained by exposing freeze dried clay samples to the aromatic ether vapors in the presence of P:O5 desiccant, and then introducing the complex into an e.s.r, tube.
Values of g were deterrnined from the spectrometer frequency and the magnetic field strength at the center of the first derivative signal.
RESULTS AND DISCUSSION
Anisole adsorbed by Cu(II) hectorite under ambient conditions is physically bound to the clay surfaces. In the presence of P20~, however, anisole replaces water at the coordination sites on copper(II) and a dark blue type II complex readily forms. Exposure of the blue complex to atmospheric moisture results initially in the formation of tan type I anisole complex and physically adsorbed anisole. Upon desiccation over P205, the tan anisole complex reforms the blue type II complex.
The interconversion of the blue and tan anisole complexes is possible only if the latter complex is After extraction with hot methanol, the chemisorbed aromatic molecules were identified by comparing their u,v. (anisole) or i.r., h.n.m.r., and mass spectra (4,4'-dimethoxybiphenyl) with those of authentic samples. The assignment of type I and type II complexes in the above scheme is based on the following i.r. absorption data.
The i.r. spectrum of liquid anisole is shown in Fig. la , and the spectrum of a thin Cu(II)-hectorite film, which possessed the pale blue color characteristic of hydrated Cu 2+, is shown in Fig. lb . The infrared absorption bands of anisole adsorbed on Cu(II) hectorite under ambient conditions (Fig. lc) correspond closely to those of liquid anisole, indicating that this form of adsorbed anisole is only physically bound to the clay mineral structure. Anisole is unable to compete favorably with water for ligand positions on the cation, and the pale blue color of the clay is retained.
The spectrum of the blue anisole complex (Fig.  le) bears little resemblance to the spectrum of liquid anisole (Fig. la) above 1600 cm-' and a high energy CH deformation at 813cm -J in the spectrum of the green 4,4'-dimethoxybiphenyl complex (Fig. If) indicates that this complex is also a type II species, analogous to the blue anisole complex. The spectrum of the tan anisole complex, Fig. ld , indicates it to be a type I analog. There is no indication of the broad intense adsorption above 1800cm -J as in the type II spectrum of benzene (Doner and Mortland, 1969) , but the CH out-ofplane vibration is shifted up 23 cm-' compared to liquid anisole. The 1.;16 C-C stretching vibration has been shifted down 11 cm -~ to 1587 cm -~, and a new band appears at 1262 cm-'. This latter band likely arises from a 13cm-' high energy shift of the C-O-CH3 stretching mode upon formation of the type I complex.
If a tan type I complexed film is not put in the infrared cell, but mounted directly in the infrared beam, it will shortly turn bluish and exhibit the type II anisole spectrum. The heat of the infrared beam is evidently enough to partially dehydrate the film and convert the type I to the type II anisole complex. A similar effect was noted with the biphenyl-Cu(II)--montmorillonite complex (Rupert, 1973) . If the film is removed from the infrared beam it comes tan once again. Table 1 contains the assignments of the infrared bands for the three forms of adsorbed anisole.
Pleochroic studies on the type II anisole complex showed no changes in intensity of any of the inplane or out-of-plane vibrational modes, a result which suggests that the anisole is lying in the interlamellar regions near an angle of 45 ~ to the clay plates.
Stoichiometric studies on the type II system indicated that a total of about 5 molecules of anisole are adsorbed per exchangeable Cu 2 § ion on the hectorite. Since the clay-organic system also contained physically sorbed and type I anisole molecules, it is difficult to assign a given proportion of ligand anisole per copper ion.
The adsorption of anisole on other kinds of homoionic hectorite was also studied. Fig. 2 shows representative spectra from this study. As can be seen in Fig. 2a , the Ag(I)-hectorite formed a type I complex with anisole. The CH out-of-plane band at 780 cm-', the C-O--CH3 mode at 1262 cm -j, and the C-C stretches at 1487 cm-' and 1587-' all correspond to the type I Cu(II)-anisole complex bands in (Clementz and Mortland, 1972; Fenn and Mortland, 1972 ) no physically bound anisole was adsorbed on the Ag(I)-hectorite. Twice as many Ag(I) ions are needed to satisfy the hectorite exchange capacity than Cu(II) ions. The formation of the type I complex by anisole molecules on Ag (I)-hectorite effectively covered the intertamellar surface area and blocked the physical adsorption sites on the silicate structure, although there is evidence in Fig. 2a of readsorption of some water when the film was exposed to the atmosphere. As shown in Fig. 2b and c, both Na+-hectorite and Co(II)--hectorite adsorbed anisole by physical means only. The adsorption process appears to be independent of the exchangeable cation since simi-319 lar spectra were obtained for all the kinds of homoionic hectorite studied where physically sorbed anisole was present. The band at 1696 cm -I in Fig. le and 2c however, appears only in the transition metal saturated hectorite but not in the alkali metal or alkaline earth saturated hectorite studied. The band is in the C=O stretching region, but there is no other indication of ketone or quinone formation from anisole. The origin of this weak band cannot yet be explained and requires further study.
The most interesting feature of the adsorption of anisole on Cu(II)-hectorite is its oxidation to 4,4'-dimethoxybiphenyl. Two mechanisms can be proposed. One pathway, similar to that suggested by Kovacic and Kyriakis (1962) The marked increase in the rate at which the blue anisole complex is converted to the green 4,4'-dimethoxybiphenyl complex in the presence of HCI tends to support the carbonium ion pathway. However, this pathway is unattractive as it requires protonation of the anisole ring at the meta position rather than the more favorable ortho or para positions. No 2,3'-or 3,4'-dimethoxybiphenyl is observed as a reaction product. The role of the acid may be to facilitate the reoxidation of Cu(I) to the Cu(II) needed to form the green 4,4'-dimethoxybiphenyl complex.
Electron spin resonance spectra of the type II blue anisole and green 4,4'-dimethoxybiphenyl complexes along with the spectrum of air-dried Cu(II)-hectorite are shown in Figs. 3b, c, and a. The latter spectrum has been interpreted recently by Clementz, Pinnavaia, and Mortland (1973) . Both complexes exhibit a single, sharp signal with g very near the value of 2.0023 for a free electron. The tan, type I 4,4'-dimethoxybiphenyl complex exhibits only an isotropic Cu 2+ e.s.r, signal. The absence of hyperfine structure for the type II complexes is attributed to rapid electron processes. Rupert (1973) has recently observed completely analogous spectra for type II complexes of benzene and other Green (1961) and Stephenson, Coburn and Wilcox (1961) .
tBroad overlapping of bands makes assignment difficult.
aromatic molecules on a copper(II) exchange form of montmorillonite and has suggested possible electron exchange mechanisms.
Experiments were performed with benzyl methyl ether on Cu(II)-hectorite for comparison with the anisole system. In anisole, electrons on the ether oxygen are likely involved with the electronic system of the aromatic ring, while in benzyl methyl ether, the oxygen is removed from the aromatic ring by a CH2 group which prevents the oxygen from participating in resonance. The benzyl methyl ether formed a type I complex as evidenced by shifts in CH out-of-plane and C-C stretching vibrations but no type II formed. This result is completely analogous to the results obtained by Pinnavaia and Mortland (1971) with alkyl substituted arenes on Cu(II)-montmorillonite where only type I complexes were formed. Resonance interactions between the ring and the ether oxygen of anisole and of 4,4'-dimethoxybiphenyl therefore appear to be critical in the formation of the type II complexes of those compounds. Butyl phenyl ether, analogous to anisole, formed a type II complex with Cu(ID--hectorite, while biphenyl ether formed only a type I species. The e.s.r, spectra for the type II butyl phenyl ether and the type I biphenyl ether and benzyl methyl ether complexes on Cu(II)-hectorite are shown in Fig. 3d , e, and f. Type II complexes show the typical free spinning electron signal. However, the type I benzyl methyl ether and phenyl ether complexes also exhibit this signal. These appear to be the first examples of type I complexes exhibiting a "free" electron signal.
